The redox status of plasma thiols can be a diagnostic indicator of different pathological states. The aim of this study was to identify the age dependent changes in the plasma levels of total, free and protein bound glutathione, cysteine and homocysteine. The determination was conducted in plasma of three groups of rats: 1) young (3-month-old), 2) middle aged (19-month-old), and 3) old (31-month-old). Total levels of glutathione, cysteine and homocysteine and their respective free and protein-bound fractions decreased with age. The only exception was a rise in free homocysteine concentration in the middle group, which indicates a different pattern of transformations of this thiol in plasma. The drop in the level of protein-bound thiols suggests that the antioxidant capacity of plasma diminishes with age, which, consequently, leads to impaired protection of -SH groups through irreversible oxidation. The plasma sulfane sulfur level also declines with age, which means that aging is accompanied by inhibition of anaerobic sulfur metabolism.
such pathological states as diabetes, alcoholism, AIDS, acute hemorrhagic gastric erosions, cataract, neurological diseases, malnutrition and has also been observed during aging (Lang et al., 1992; Vogt & Richie, 1993; Sian et al., 1994; Pirmohamed et al., 1996; Samiec et al., 1998; Hadi Yasa et al., 1999; Choi et al., 2000) .
The concept of plasma redox status postulates that there are dynamic interactions between the different redox forms of thiols realized through redox reactions, including thiol-disulfide exchange (Ueland, 1995; Ueland et al., 1996) . Formation and breakage of disulfide bonds depends largely on the vailability of electron donors and acceptors, which determines the redox potential of the environment. Therefore, a change in the thiol : disulfide ratio, i.e. a change in the redox status of thiols, significantly influences the structure and function of cellular and extracellular proteins (Mansoor et al., 1992) .
Glutathione, cysteine and homocysteine are present in plasma mostly in the form of symmetrical and mixed disulfides, which belong to the free fraction, called acid-soluble fraction, and also to the protein-bound fraction. Since the plasma GSH concentration reflects its levels in various tissues, it is believed that a lowered plasma GSH level can be a diagnostic indicator of a pathological state. For this reason, and also due to the atherosclerotic action of homocysteine (McCully, 1996) , thiols have become a focus of increasing interest.
Sulfur of cysteine -SH groups undergoes anaerobic transformations yielding compounds belonging to the pool of sulfane sulfur-containing compounds (Toohey, 1989; Iciek & Włodek, 2001 ) (Scheme 1). Sulfane sulfur is characterized by exceptional metabolic reactivity, it is always at the 0 or -1 oxidation state, and is covalently bound to another sulfur atom. Sulfane sulfur allows for covalent modification of -SH groups to persulfides and trisulfides, which indicates a possibility of non-oxidizing covalent modification of -SH groups. Sulfane sulfur is transported in plasma in the form of hydropersulfides bound to proteins, mostly to albumins (Toohey, 1989) . This means that sulfane sulfur is transported with blood from the liver and kidneys to other organs.
The aim of the present study was to identify age-dependent changes in the plasma levels of individual thiols and their mutual relationships. For this purpose we determined plasma total levels of glutathione, cysteine and homocysteine, their respective free forms and their mixed disulfides with proteins in different age groups of rats. In addition, plasma sulfane sulfur levels were also measured.
MATERIALS AND METHODS
Chemicals. 2-Chloro-1-methylquinolinium tetrafluoroborate (CMQT) and 2,2'-dithiodipropionic acid were prepared in this laboratory according to Bald & Głowacki (2001) and Chwatko & Bald (2002) . Cystine (CSSC) and oxidized glutathione (GSSG) were obtained from Reanal (Budapest, Hungary), while homocystine (HCSSCH) was from Serva (Heidelberg, Germany). All other chemicals of an-alytical reagent grade or HPLC grade were purchased from Merck (Darmstadt, Germany) or J. T. Baker (Deventer, The Netherlands). Deionized water was prepared using Millipore Milli-QRG (Vienna, Austria). Potassium cyanide (KCN) was obtained from Sigma-Aldrich Chemie GmbH (Germany) and other chemicals used for sulfane sulfur determination were purchased from the Polish Chemical Reagent Company P.O.Ch.
Animals. Plasma of female Wistar rats was obtained from the Department of Clinical Neurobiology, Free University in Berlin. All the rats were sacrificed by cervical dislocation. Blood samples were from the following three age groups: young (3-month-old), middle-aged (19-month-old) and old (31-monthold). Each group consisted of eight animals. All blood samples were centrifuged at 2500ǵ
for 10 min to separate the plasma from cells and then stored at -75 o C until analysis.
Assays. Levels of total thiols as well as their free and protein-bound fractions were measured by high performance liquid chromatography (HPLC) after precolumn derivatization with 2-chloro-1-methylquinolinium tetrafluoroborate (CMQT) and with ultraviolet detection (CMQT-HPLC-UV method) (Bald & Głowacki, 2001 ). The analysis was performed with a Hewlett-Packard 1100 Series HPLC system (Hewlett-Packard, Waldbronn, Germany) equipped with a quaternary pump, autosampler, thermostated column compartment, vacuum degasser and diode-array detector. For instrument control, data acquisition and data analysis, an HP ChemStation for LC 3D system including single instrument HP ChemStation software and Vectra colour computer were used.
The CMQT-HPLC-UV method provides quantitative information on total, free and protein-bound thiols based on assays with derivatization after reduction of whole plasma or its acid-soluble and acid-precipitated fractions, respectively. Samples were reduced with sodium borohydride. Such procedure of reduction is used in automatic thiol assay systems. HPLC separations, after automatic injection of 20 ml of the final analytical solution, were carried out with an analytical reversed-phase column LichroCart (125´3 mm) packed with 5 mm particles of Lichrospher RP Select B (Merck). The temperature was 25°C, the flow rate 0.8 ml/min, and the detector wavelength 350 nm. Under gradient elution conditions CMQT derivatives of GSH, HCSH, 2MPA and CSH were eluted after 3.53, 3.84, 4.45, 9.37 min, respectively. The gradient profile was as follows: 0-3.5 min, 9% B; 3.5-10 min, 9-30% B; 10-13 min, 30-9% B. Elution solvent A was 0.05 M trichloroacetic acid adjusted to pH 3.2 with lithium hydroxide solution of the same concentration. Solvent B was acetonitrile. Identification of peaks was based on comparison of retention times and diode-array spectra with the corresponding set of data obtained by analyzing authentic compounds. In order to minimize the contribution of sample preparation, injection variation and column deterioration to the final results, an internal standard -2,2'-dithiodipropionic acid was used. Disulfide forms of corresponding analytes, i.e., cystine, oxidized glutathione, and homocystine were used as the main calibrators during the calibration procedure. Details of the HPLC measurements have been described elsewhere (Chwatko & Bald, 2002) .
The level of sulfane sulfur in plasma was determined by cold cyanolysis according to Wood (1987) . To 0.4 ml of plasma 0.08 ml of 1 M NH 3 , 0.42 ml of distilled water and 0.1 ml of 0.5 M KCN were added. The samples were incubated at room temperature for 45 min. Then 0.02 ml of 38% formaldehyde and 0.2 ml of Goldstein's reagent (Fe(NO 3 ) + HNO 3 + H 2 O) were added. After centrifugation at 12 000´g for 10 min, the absorbance at 460 nm was determined. A standard curve was prepared with 1 mM KSCN.
Statistical analysis. The results were presented as means ± standard deviation (± S.D.). Statistical significance of the differences was evaluated using analysis of variance and one Vol. 51 Age dependent changes in plasma thiols 817
way ANOVA test. The difference was considered statistically significant when P < 0.05.
RESULTS
The levels of free and protein-bound thiols as well as sulfane sulfur level were determined in three age groups of rats (young -3 months old; middle -19 months old; and old -31 months old). The results illustrated in
Figs. 1-4 show age-dependent lowering of plasma concentrations of all forms of thiols as well as sulfane sulfur.
Total thiols (i.e., the sum of cysteine, homocysteine and glutathione) declined with age from 171.32 to 83.87 nmol/ml of plasma (Fig. 1) . They decreased uniformly by about 30% between the consecutive age group. The pattern of the age-dependent changes in protein-bound thiols was similar (Fig. 2) . The level of each tested thiol (i.e. cysteine, homocysteine and glutathione) bound to proteins, and their total concentration abated with age (the latter decreased to 78% in the middle group and to 47% in old animals in relation to the young group).
Cysteine constitutes 80%, glutathione 17% and homocysteine 2-3% of the total tiol group, respectively. This ratio remains the same in all age groups. The changes involve only the free/protein-bound thiol rates.
The total concentration of free thiols also declined with age ( Fig. 3) but the change was much less pronounced than for protein-bound thiols. The level of free glutathione was the same in the young and middle groups of rats, decreasing only in the oldest group (67%). On the other hand, plasma concentration of free cysteine decreased with age (80%) but the difference between middle and the oldest group was minute, while free homocysteine was an exception, since its highest level was observed in the middle group (121% of that in young animals) decreasing in the oldest one (37%) (Fig. 3) .
The changes observed in the plasma levels of thiols in the different age groups were accompanied by alterations in free/proteinbound thiol ratios (Table 1 ). This ratio for glutathione was the lowest in the young group (4.60), reaching maximum in the middle one (8.08). The situation was different in the case of cysteine, whose free /protein-bound ratios were similar in the young (7.36) and middle groups (7.20), and rose sharply in the old one (13.15). The homocysteine free/proteinbound ratio was high in comparison with those of cysteine and glutathione, which points to a significant role of this amino acid in plasma. This ratio for homocysteine was particularly high in the middle group (42.13) compared to the young (29.09) and old rats (13.90).
The pool of sulfane sulfur also subsided with age but to a lesser degree than that of total thiols (Fig. 4) . The plasma level of the compounds containing this extremely reactive form of sulfur dropped with age to 84% in the middle and to 78% in the old group in comparison with the young group.
DISCUSSION
According to the "free radical" theory of Harman (1981) , the aging process is a progressive accumulation of oxidative changes leading to disease and death. With age, plasma also becomes more exposed to increasing attack of reactive oxygen species (ROS), generated by activated phagocytes, and formed in reactions of different metabolites with oxygen.
Aging is accompanied by a decrease in the level of the most important antioxidant glutathione and of cysteine (Samiec et al., 1998) , which can be a result of both an elevated demand and inhibited GSH biosynthesis. Thiol groups (-SH) play a prominent role in antioxidant reactions, and also in reactions of catalysis, regulation, electron transport and those preserving the correct structure of proteins (Rokutan et al., 1994) .
The levels and mutual relations between different redox forms of thiols in plasma are de- (Mills & Lang, 1996; Klatt & Lamas, 2000; Thomas & Mallis, 2000) . This process plays a regulatory and an antioxidant role, since it protects protein -SH groups against irreversible oxidation to -SO 2 H and -SO 3 H, and, on the other hand, it participates in signal transduction (Padget & Whorton, 1998; Klatt & Lamas, 2000) . The regulatory and antioxidant action of S-thiolation is closely connected with dethiolation, i.e. the reduction of disulfides catalyzed by thioltransferases, thioredoxin and glutaredoxin (Jung & Thomas, 1996; Qiao et al., 2000) . Generation of mixed disulfides of proteins which do not have another -SH group in their vicinity is particularly important. It was shown that formation of mixed disulfides of proteins could constitute a protective mechanism in lens (Lou, 2000) , vascular endothelium cells (Schuppe-Koistinen et al., 1994) and gastric mucosa (Rokutan et al., 1994) . Formation of mixed disulfides can stimulate or inhibit the activity of many enzymes, such as aldose reductase, cathepsin K and carbonic anhydrase III (Dafre et al., 1996; Percival et al., 1999; Cappiello et al., 2000; Mallis et al., 2002) . The present study demonstrated an age-dependent reduction in the total amount of glutathione, cysteine and homocysteine, and their free and protein-bound fractions in rat plasma (Figs. 1-3 ). This indicates that the efficiency of S-thiolation as a mechanism of antioxidant defense decreases with age, which creates an increased risk of irreversible oxidation of -SH groups of plasma proteins. The drop in the plasma level of mixed disulfides implies depletion of the antioxidant capacity of plasma, and thus disturbance of the balance between the different redox forms of thiols. All changes in the redox status of thiols in plasma and cytoplasm significantly affect the structure and function of proteins among them membrane proteins. The results obtained in the present study indicate that protection of -SH groups by S-thiolation becomes less and less efficient with age and concerns not only S-glutathionylation, but also S-cysteinylation and S-homocysteinylation (Figs. 1-3) .
The plasma concentration of individual thiols is determined by their "influx" and "efflux" (Kleinman & Richie, 2000) , so it depends both on the biosynthesis and the increased demand. Plasma GSH is synthesized in liver, while its degradation in the kidney brush border epithelium is catalyzed by the extracellular enzymes g-glutamyltransferase (GGT) and cysteinyl-glycine dipeptidase (Anderson et al., 1980) . This suggests that kidneys are responsible for maintaining normal plasma cysteine level. Since the activity of GGT in the kidney drops with age (Włodek et al., 2002) , the inter-organ transport and biodegradation of GSH are impaired, which leads to lowering of the plasma cysteine level. The drop in plasma cysteine is particularly dangerous for the organs which rely on plasma as the only source of this amino acid. On the other hand, Speisky (1992) showed that liver GGT activity in old animals is higher than in middle-aged ones. This implies that GSH cleavage to cysteine in the liver increases with age.
Sulfane sulfur compounds not only participate in the regulation of protein activity (Iciek & Włodek, 2001 ), but also exhibit antioxidant potential (Everett et al., 1994) . Hydropersulfides (RSSH) are more efficient hydrogen donors while persulfide anions (RSS -) are better electron donors than the sulfhydryl group (-SH), which makes them 820 M. Iciek and others 2004 very effective antioxidants. Moreover, perthiyl radicals (RSS · ) formed in the course of these reactions are characterized by higher stability, so they are less dangerous than thiyl radicals (RS · ) (Everett et al., 1994) .
Plasma sulfane sulfur level also declines with age (Fig. 4) , which means that aging is accompanied by disturbances in the regulatory and antioxidant mechanisms connected with sulfane sulfur in plasma.
The total plasma level of homocysteine and the content of its mixed disulfides with proteins decrease with age, while the level of free homocysteine significantly increases in middle-aged animals (Fig. 3) . Homocysteine is characterized also by a high free/proteinbound thiol ratio, which indicates that free homocysteine constitutes a large fraction of its total pool (Table 1) . Hyperhomocysteinemia and associated atherosclerosis play a significant role in diseases of old age. There are discrepant data about age-dependent changes in plasma homocysteine level. Some authors observed its increase (Hernanz et al., 2000) , but this was not confirmed by others (Rea et al., 2000) . The atherogenic action of homocysteine has been attributed to its autooxidation connected with the formation of O 2 -· and H 2 O 2 , which causes dysfunction of endothelium and promotes atherosclerosis (Welch et al., 1997) . However, spontaneous oxidation of homocysteine to a disulfide, homocystine, is slow and only slightly faster than oxidation of GSH. The reactivity of thiols in S-thiolation reactions depends on pK of the thiol groups, i.e. on the degree of dissociation of the -SH group to the nucleofilic thiolate anion (-S -). The pK a values for cysteine, homocysteine and GSH are 8.3, 8.87, and 9.2 respectively (Lash & Jones, 1985) . On the basis of pK a of an -SH group, it is possible to calculate the ratio of the dissociated thiolate (RS -) to undissociated thiol, using the equation:
(pH-pK a )
These ratios for the physiological pH 7.4 are: CS -/CSH = 10 (7.4-8.3) = 0.126 for cysteine, GS -/GSH = 10 (7.4-9.2) = 0.016 for glutathione, and HCS -/HCSH = 10 (7.4-8.87) = 0.034 for homocysteine (Lash & Jones, 1985) . Cysteine thiolate anion is much more thermodynamically stable than homocysteine thiolate anion, because the pK a of homocysteine is higher than that of cysteine. Thus the formation of albumin-bound homocysteine is preferred to the formation of albumin-bound cysteine (Sengupta et al., 2001) . This indicates that in plasma, reduced homocysteine can reduce protein-bound cysteine and disulfide-cystine to reduced cysteine.
HC-SH + Alb-S-S-C ¾¾® Alb-S-S-C-H + C-SH 2HC-SH + C-S-S-C ¾¾® 2C-SH + HC-S-S-C-H
This in turn can lead to autooxidation of liberated cysteine and generation of reactive oxygen species (ROS) promoted by this amino acid, which is conducive to atherosclerosis (Hogg, 1999) . In this respect, cysteine can be regarded as toxic (Włodek, 2002 ).
An increase in the cysteine/cystine ratio from 0.01 to almost 0.5, observed in patients with hyperhomocysteinemia (Hogg, 1999) , is consistent with the above mechanism. The transient elevation of free homocysteine concentration in the middle group of rats (Fig. 3) , but the lowest free/protein-bound ratio in the oldest group with the concomitant the highest value of this parameter for cysteine (Table 1) indicates opposite age-dependent changes in the redox status of both these thiols in plasma.
In summary, the total plasma levels of GSH, cysteine and homocysteine and of their re- Vol. 51 Age dependent changes in plasma thiols 821 spective free and protein-bound fractions decrease with age, which is accompanied by a drop in sulfane sulfur level. The only exception is a rise in free homocysteine concentration in the middle group, which indicates a different pattern of transformations of this thiol in plasma. The drop in the level of protein-bound thiols suggests that the antioxidant capacity of plasma diminishes with age, which consequently leads to impaired protection of protein -SH groups from irreversible oxidation. Aging is associated not only with a decrease in the concentration of different redox forms of thiols, but also with a change in their free/protein-bound ratios. The observation that the free/protein-bound ratio for homocysteine is the lowest, while for cysteine it is the highest in the oldest group, indicates that the age-dependent changes in the ratios of free to protein-bound plasma thiols can be opposite.
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